Introduction {#s0005}
============

In the neocortex, acetylcholine (ACh) regulates arousal and executive functions ([@b0215]), and the implication of nAChRs is increasingly recognized ([@b0435]). The main nAChR subtypes are the low-affinity and quickly desensitizing homopentamer (α7)5 and the high-affinity and slowly desensitizing heteropentamer α4β2^∗^. Both regulate cognitive processes, although their specific roles and the contribution of other subunits are debated ([@b0010], [@b0340], [@b0180], [@b0365], [@b0055], [@b0460]). In general, the kinetic and pharmacological features of heteromeric nAChRs make them particularly fit to regulate overall excitability, particularly on a relatively slow time scale, as is likely to occur during non-synaptic, diffuse transmission ([@b0270]). This concept agrees with the observation that mutant α4 and β2 subunits are frequently linked to ADNFLE (autosomal dominant nocturnal frontal lobe epilepsy, [@b0040]).

In rodents, heteromeric nAChRs regulate excitatory as well as inhibitory neurons in medial ([@b0255], [@b0120], [@b0225], [@b0465]) and dorsomedial ([@b0020], [@b0025]) prefrontal cortex (PFC). Moreover, functional heteromeric nAChRs are observed in GABAergic interneurons dissociated from surgical samples from human neocortex ([@b0015]). However, how nAChRs expressed in different compartments interplay in prefrontal circuits is unclear. In particular, the nicotinic modulation of distinct interneuron classes is poorly understood, despite the notorious sensitivity of neocortical excitability to the GABAergic tone ([@b0200]). Another source of uncertainty is the increasing recognition that different PFC regions present heterogeneous structures and connectivities ([@b0155]). Hence, nAChRs may exert different roles in different areas.

We studied the dorsomedial shoulder region of murine PFC, or frontal area 2 (Fr2), which bears relation to the dorsolateral PFC in humans ([@b0425]). This region innervates the motor cortex and the dorsolateral striatum and receives afferents from sensory and parietal cortices as well as ventral tegmental dopamine neurons ([@b0045], [@b0110]). Hence, Fr2 appears to be a pivotal target of cholinergic transmission, as in rodents it mediates the decision and execution steps preceding the motivation-dependent purposeful tasks, particularly those requiring immediate attention ([@b0220]). Moreover, because Fr2 is connected with both motor cortex and striatum, the nicotinic regulation of excitability in this region may be particularly relevant in the development of ADNFLE seizures, which are typically accompanied by hypermotor seizures and the release of stereotyped motor patterns ([@b0040]).

We here focus on the regulation of FS cells by heteromeric nAChRs in Fr2 layer V. The latter layer constitutes the main output channel to subcortical structures and is crucial for spread of synchronized activity ([@b0385]). Pyramidal neurons in layer V are tightly controlled by a dense network of GABAergic cells ([@b0400], [@b0330]), and FS cells are especially implicated in feed-forward inhibition ([@b0085]). Moreover, FS neurons are major regulators of neocortical output during cognitive operations, and drive network oscillations at different frequencies ([@b0090], [@b0405]). Inhibitory interneurons are known to be connected by reciprocal as well as autaptic GABAergic synapses, and such evidence is particularly ample in sensory cortices ([@b0415], [@b0165], [@b0035], [@b0210]). Disinhibition of local interneurons is implicated in regulating visual signal elaboration ([@b0355]), auditory discrimination ([@b0360]), learning in auditory cortex ([@b0275]).

In general, circuit disinhibition may be a widespread mechanism contributing to different aspects of learning ([@b0280]) and cognition ([@b0315]). However, scarce information is available about how neurotransmitters shape reciprocal inhibition between interneurons in PFC, and virtually nothing is known about these mechanisms in associative areas. We show that, in layer V, α4β2^∗^ nAChRs regulate GABA release onto FS neurons. The effect was studied since the third postnatal week, a phase of neocortex maturation and modification of nAChR expression, and was maintained at least until the end of the second postnatal month, when the neocortical circuits have reached maturity and the nAChR expression is stable ([@b0295]). These results reveal a supplementary mechanism to stimulate physiological excitability as well as a possible cause of pathological hyperexcitability in prefrontal regions.

Experimental procedures {#s0010}
=======================

Drugs and chemicals {#s0015}
-------------------

We purchased chemicals from Sigma--Aldrich (Milan, Italy), except [d]{.smallcaps}(−)-2-amino-5-phosphono-pentanoic acid (AP5), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), tetrodotoxin (TTX) and 5-iodo-3-\[2(S)-azetidinylmethoxy\]pyridine (5-IA) (Tocris Bioscience, Bristol, UK). AP5, TTX citrate, (−)-nicotine hydrogen tartrate salt, (−)-bicuculline methiodide, MLA citrate hydrate, and DHβE hydrobromide were dissolved in distilled water, and stored at −20 °C. Stock solutions of CNQX were prepared in dimethylsulfoxide (20 mM). Stock solutions of 5-IA were prepared in our extracellular solution, and diluted daily as necessary.

Brain slices {#s0020}
------------

We used FVB mice of both sexes (Harlan Laboratories Srl, Lesmo, Italy), as previously described ([@b0025]). Our procedures followed the Principles of Laboratory Animal Care (86/609/EEC Directive of 1986), and were approved by the Italian Ministry of Health. In brief, Fr2 coronal sections were cut between +2.68 mm and +2.10 mm from bregma. A sketch is shown in [Fig. 1](#f0005){ref-type="fig"}A. For patch-clamp experiments, brains were extracted from P16--P63 mice (*n* = 53) after isoflurane anesthesia, and placed in the following ice-cold solution (mM): 87 NaCl, 21 NaHCO~3~, 7 MgCl~2~, 1.25 NaH~2~PO~4~, 0.5 CaCl~2~, 2.5 KCl, 75 sucrose, 25 [d]{.smallcaps}-glucose, 400 μM ascorbic acid, and bubbled with 95% O~2~ and 5% CO~2~ (pH 7.4). Slices (300 μm thick) were prepared and maintained as previously described ([@b0025]). For immunocytochemistry, mice (P19--P90; *n* = 9) were anesthetized with intraperitoneal 2 mg/100 g chloral hydrate, after isoflurane pre-anesthesia, and sections (50 μm thick) were prepared as previously described ([@b0020]).

Whole-cell recording {#s0025}
--------------------

Experiments were carried out under a direct microscope (Eclipse E600FN), equipped with differential interference contrast (DIC) water immersion objective (Nikon Instruments, Milan, Italy), and an infrared digital CCD C8484-05G01 camera, equipped with HCImage Live acquisition software (Hamamatsu Photonics Italia, Arese, Italia). Stimulation and recording were performed with a Multiclamp 700A (Molecular Devices, Sunnyvale, CA), at 33--34 °C. Patch-clamp pipettes (2--3 MΩ) were pulled with a P-97 Micropipette Puller (Sutter Instruments, Novato, CA), from borosilicate capillaries (Corning Inc., NY, USA) with an inside and outside diameter of 0.86 mm and 1.5 mm, respectively. We always compensated the series resistance (up to approximately 75%) and cell capacitance. The former was generally below 10 MΩ. Current traces were filtered at 2 kHz (low-pass) and digitized at 5 kHz, with Molecular Devices hardware and software (pClamp9/Digidata 1322A). Slices were perfused (∼2 ml/min) with artificial cerebrospinal fluid, containing (mM): 135 NaCl, 21 NaHCO~3~, 0.6 CaCl~2~, 3 KCl, 1.25 NaH~2~PO~4~, 1.8 MgSO~4~, 10 [d]{.smallcaps}-glucose, aerated with 95% O~2~ and 5% CO~2~ (pH 7.4). Pipette was filled with (mM): 70 K-gluconate, 70 KCl, 2 MgCl~2~, 0.5 BAPTA, 1 MgATP, 10 HEPES (pH 7.2). For the experiments at physiological intracellular Cl^−^ concentration, we used 135 K-gluconate and 5 KCl, leaving the other concentrations unchanged. *V*~rest~ (resting potential) was measured soon after obtaining the whole-cell configuration. Input resistance was measured by applying small stimuli around *V*~rest~. No correction was applied for liquid junction potentials. Drugs were applied in the bath, and the maximal effect was usually reached within ∼2 min. Only one experiment was carried out in each slice, to avoid uncontrolled long-term effects of nicotinic agonists (e.g., on nAChR desensitization).

Analysis of patch-clamp data {#s0030}
----------------------------

Action potentials (APs) and inhibitory post-synaptic currents (IPSCs) were analyzed off-line by using Clampfit 9.2 (Molecular Devices), and OriginPro 9.1 (OriginLab Corporation, Northampton, MA, USA). In [Table 1](#t0005){ref-type="table"}, spike width was calculated at half-amplitude, and spike amplitude was computed as the difference between the AP threshold and the peak. Spike intervals were measured between consecutive peaks. Adaptation was measured at a firing frequency of ∼100 Hz (average-spiking frequency in the stimulus time). After-hyperpolarization (AHP) was measured as the difference between the AP threshold and the most negative *V*~m~ reached on repolarization. IPSCs included smooth isolated signals as well as composite signals. Individual IPSCs were inspected to reject spurious events. The baseline noise (peak-to-peak) was generally ∼5 pA. Because the minimal IPSC amplitude was expected to be around 5 pA ([@b0170]), we set the detection threshold at 5--6 pA. The effect of treatments (or recovery) was usually measured for 2 min after reaching the maximal effect. After washout, IPSC frequency was usually larger than 70% of the initial value. Cells in which this value was lesser than 50% were discarded. IPSC kinetics were analyzed on 50 single events per cell, in the absence or presence of nicotine. IPSC decay was fitted with a standard monoexponential function ([@b0265]).

Sections for confocal microscopy {#s0035}
--------------------------------

For immunocytochemistry, sections were treated as previously described ([@b0025]). Image analysis was carried out with a TCS SP2 AOBS confocal microscope (Leica Microsystems). To test the specificity of immunoreaction, negative controls were performed by omitting primary antibodies.

Primary antibodies {#s0040}
------------------

Polyclonal anti-α4 nAChR: made in guinea pig, diluted at 1/1000 (Millipore, Milan, Italy). Polyclonal anti-Vesicular GABA transporter (VGAT): made in rabbit, 1/1500 (Synaptic Systems, Goettingen, Germany). Polyclonal anti-PV: made in rabbit, 1/2000 (SWant Inc., Marly, Switzerland). Monoclonal anti-PV: made in mouse, 1/1000 (Sigma--Aldrich). Monoclonal anti-somatostatin (anti-SOM): made in rat, 1/300 (Millipore).

Secondary antibodies {#s0045}
--------------------

For α4 nAChR: biotinylated anti-guinea pig IgG, made in donkey (bDAGp; 1/200; Vector Laboratories, CA), and Alexa-488-labeled streptavidin (1/200; Molecular Probes). For VGAT and polyclonal PV: indocarbocyanine Cy5-conjugated anti-rabbit antibody, made in donkey (DAR-Cy5, 1/200; Jackson Immunoresearch Laboratories Inc., West Grove, PA). For monoclonal PV: indocarbocyanine Cy3-conjugated anti-mouse IgG, made in donkey (DAM-Cy3, 1/200; Jackson Immunoresearch Laboratories). For SOM: Alexa-568 labeled anti-rat IgG, made in donkey (DARat-Alexa 568, 1/200; Molecular Probes).

Test of nAChR antibodies {#s0050}
------------------------

As is well known, the use of nAChR antibodies for immunocytochemistry can be problematic ([@b0300]). We previously tested AB5590 (Millipore, anti-α4) in human cell lines (HEK 293) transiently transfected with several nAChR subunit combinations ([@b0020]). We thus verified that AB5590 binds to α4∗ nAChRs, although some cross-reactivity with other nAChR subunits or membrane proteins cannot be excluded. This was the essential point in the present study, in which immunocytochemistry is applied to provide a better spatial definition of the electrophysiological results.

Analysis of colocalization {#s0055}
--------------------------

Confocal micrographs were acquired with a Leica TCS SP2 confocal microscope and Confocal Software (Leica Microsystems). Resolution (300 dpi), brightness, and contrast were optimized by using Adobe Photoshop CS2 9.0 (Adobe Systems, San Jose, CA). Non-overlapping pictures (40×) were acquired from layer V, to test immunolabeling in not less than three cortical fields per mouse, from different sections containing Fr2. For two-color analysis, sections were excited at 488, 568 and 650 nm. To avoid signal crosstalk, fluorescence of Alexa 488 (green), and Cy5 (blue) or Cy3 (red) was detected sequentially. Colocalization of α4 nAChR with VGAT, PV or SOM was determined with the same software, as previously described ([@b0025]). Merged antigen localization is indicated by white signals. Images in [Fig. 6](#f0030){ref-type="fig"}A--C result from analysis of cytofluorograms, by coupling two channel at a time (red/blue, and green/blue), to identify the three types of synaptic terminals indicated by the arrows. The overlapping area between the red (PV or SOM; the latter was changed to blue, for reader's convenience, in [Fig. 7](#f0035){ref-type="fig"}E, F) and the green signal (α4 nAChR), was determined on single-plane images. To calculate the Manders coefficients, we applied the JACoP plug-in for ImageJ software ([@b0060]). For 3D reconstruction analysis ([Fig. 6](#f0030){ref-type="fig"}D--F), z-stack series of 30 images (1024 × 1024 pixels), spaced by 333 nm, were acquired at 126× magnification, to obtain a 10-μm stack. Images were analyzed with Imaris software (Bitplane, Zurich, Switzerland). Each stack was pre-processed with a 3D gaussian filter to reduce background noise, without altering the signal distribution. Neuronal PV+ somata and terminals (red signal) were reconstructed by isosurfaces, thus obtaining information about their volume, surface, shape and position. Next, the VGAT+ synaptic terminals (blue) were identified by spheric isosurfaces. These were centered on the point giving maximal signal intensity for each terminal, and their diameter was set based on the typical synaptic dimension. The same procedure was applied for the green channel (α4 nAChR subunit). After defining the two populations, they were filtered based on their distance from the soma surface, by eliminating those falling outside of the imposed limits (500 nm). The result was further filtered by retaining only the blue structures overlapping or contiguous to a green signal (max 500 nm between the structure centers).

Statistical analysis {#s0060}
--------------------

The distributions of IPSC amplitudes and interevent intervals were analyzed in each cell with the Kolmogorov--Smirnov (KS) test, on at least 2-min continuous recording for each experimental condition (never containing less than ∼250 events). The average results of multiple experiments are given as mean values ± SEM. Unless otherwise indicated, statistical comparisons between two populations of data were carried out with paired Student's *t*-test, at the indicated level of significance (*p*), after testing that the data were normally distributed (with KS test), with equal variances (with *F*-test). The number of indicated experiments (*n*) refers to the number of tested cells or cortical fields. The number of mice is also indicated. When two experiments were carried out in two slices from the same animal, the results were averaged to avoid bias from nested data ([@b0005]).

Results {#s0065}
=======

The Fr2 region displays a prominent layer V, with large pyramidal neurons. In this layer, FS cells constitute the majority of PV+ neurons ([@b0230], [@b0390]), and are well recognized by firing pattern and spike width ([@b0115]). Putative FS cells were first identified based on non-pyramidal morphology with relatively small round cell body ([Fig. 1](#f0005){ref-type="fig"}B). Next, the firing pattern was assessed by applying consecutive 0.5-s depolarizing currents (20-pA steps). Above threshold, FS cells displayed action potential (AP) frequencies of up to 80--100 Hz (with 200-pA stimulus), spike width ∼0.7 ms (at half-maximal AP amplitude), and first AHP of approximately −14 mV, consistent with previous results in mouse neocortex ([@b0120], [@b0325], [@b0410], [@b0455]). [Fig. 1](#f0005){ref-type="fig"}C shows typical cell firing in two FS cells from, respectively, a P25 and a P54 mice. The firing frequency as a function of injected current is plotted in [Fig. 1](#f0005){ref-type="fig"}D, for a representative sample of cells (*n* = 10). The electrophysiological parameters of FS cells at different ages are shown in [Table 1](#t0005){ref-type="table"}. No statistical differences were observed between the age groups. The other major population of interneurons we routinely observed was constituted by regular-spiking non-pyramidal cells ([@b0235], [@b0120], [@b0285]), showing AP frequencies of 30--40 Hz (with 200-pA stimulus), more pronounced adaptation compared to FS cells, spike width generally larger than 1 ms, and shallow AHP. The effect of nicotine was not tested in these cells.

Nicotine stimulated GABA release onto FS cells {#s0070}
----------------------------------------------

Because the Nernst potential for Cl^−^ was −16 mV, we recorded spontaneous postsynaptic GABAergic currents as inward events at −70 mV, after blocking ionotropic glutamate receptors with 40 μM AP5 and 10 μM CNQX. These conditions were chosen to study the GABAergic events around *V*~rest~. For simplicity, we refer to these currents as IPSCs, although in physiological ionic conditions they would be outward events. The persistence of GABAergic synaptic activity in the absence of glutamatergic transmission can be attributed to the pacemaker properties of several populations of neocortex cells, such as the Martinotti interneurons in layer V (Le [@b0065]), and possibly other populations in nearby layers, whose neurochemical nature is still uncertain (e.g., [@b0445]).

To study the nAChR-dependent effects, nicotine was preferred to ACh, to avoid applying muscarinic antagonists, which can affect nAChRs ([@b0470]). Nicotine was applied at 10 μM, which is close to the peak of the 'window' (i.e., steady state) current for α4β2 and α7 receptors (e.g., [@b0140], [@b0075]), thus producing the maximal tonic effect ([@b0020]). In this way, we could test the response of both nAChR subtypes in conditions that mimic diffuse ACh transmission. Representative IPSC traces are shown in [Fig. 1](#f0005){ref-type="fig"}E, in the absence and presence of nicotine. Consistent with the GABAergic nature of IPSCs, 10 μM bicuculline inhibited all synaptic events. The effect of nicotine on IPSCs is quantified in [Fig. 2](#f0010){ref-type="fig"}. Representative IPSC traces in the absence or presence of nicotine for a P25 mouse are shown in [Fig. 2](#f0010){ref-type="fig"}A. The time course of the nicotine effect is illustrated by plotting the number of IPSCs in consecutive 10-s intervals, in the indicated conditions ([Fig. 2](#f0010){ref-type="fig"}B). Nicotine was applied after allowing the spontaneous IPSC frequency to stabilize for about 5 min. The drug augmented the spontaneous IPSC frequency, as shown by the cumulative distribution of the interevent intervals ([Fig. 2](#f0010){ref-type="fig"}C), without significantly altering the distribution of amplitudes ([Fig. 2](#f0010){ref-type="fig"}D). In nine similar experiments on slices prepared from seven mice (between the 3rd and the 5th postnatal week), nicotine brought the IPSC frequency from 2.42 ± 0.5 Hz to 5.5 ± 0.78 Hz (0.01 \< *p* \< 0.05; DF = 6). After washout, the IPSC frequency was 2.8 ± 0.56 Hz ([Fig. 2](#f0010){ref-type="fig"}E). No effects were observed on the corresponding IPSC kinetics. The IPSC activation was measured as the 10% to 90% rise-time. This latter, in the absence and presence of nicotine was, respectively, 0.75 ± 0.04 ms and 0.68 ± 0.06 ms (NS; DF = 6). The corresponding time constants of the IPSC current decay were 8.6 ± 1.28 ms and 8.7 ± 1.13 ms (NS; DF = 6).

In mouse development, conspicuous variations in nAChR subunit expression occur before P21, which subside during the second month of postnatal life ([@b0295]). Hence, we repeated the above experiments in older mice (P45--P63). In these, the nicotinic effect on IPSCs was similar to the one observed at younger stages, although the stimulation was less marked. A representative experiment is illustrated in [Fig. 2](#f0010){ref-type="fig"}F--I. On average (*n* = 12, from 8 mice), nicotine augmented the spontaneous IPSC frequency from 2.44 ± 0.73 Hz to 4.09 ± 1.1 Hz (0.01 \< *p* \< 0.05; DF = 7). After washout, the IPSC frequency was 2.4 ± 0.55 Hz ([Fig. 2](#f0010){ref-type="fig"}J). Once again, no effect was observed on IPSC amplitudes and kinetics. The IPSC rise-times in the absence and presence of nicotine were, respectively, 0.62 ± 0.04 ms and 0.63 ± 0.02 ms (NS; DF = 7). The corresponding time constants of the IPSC current decay were 6.3 ± 0.26 ms and 5.5 ± 0.16 ms (NS; DF = 7).

The effect of nicotine depended on α4^∗^ nAChRs {#s0075}
-----------------------------------------------

The role of α4^∗^ and α7^∗^ nAChRs can be discriminated by blocking these receptors, respectively, with 1 μM DHβE and 10 nM MLA ([@b0195], [@b0310]). After treating the cells with one of the blockers for 3--4 min, 10 μM nicotine was added. Data analysis was carried out as in [Fig. 2](#f0010){ref-type="fig"}. DHβE abolished the stimulatory effect of nicotine on the IPSC frequency. A representative example is illustrated in [Fig. 3](#f0015){ref-type="fig"}A. In the same cell, no effect was observed in the IPSC amplitudes ([Fig. 3](#f0015){ref-type="fig"}B). The effects observed in a series of similar experiments carried out on slices from young mice (3rd to 5th postnatal week) are given in [Fig. 3](#f0015){ref-type="fig"}C. On average (*n* = 9, from seven mice), IPSC frequencies were 4.6 ± 0.97 Hz (control), 3.98 ± 0.85 Hz (DHβE), 4.6 ± 1.44 Hz (nicotine + DHβE; NS compared to DHβE; DF = 6), and 3.6 ± 0.81 Hz after washout. Analogous results were obtained in mice aged P45--P60 (*n* = 6; not shown). In contrast, MLA produced no alteration of the effect of nicotine ([Fig. 3](#f0015){ref-type="fig"}D). On average (*n* = 9, in nine mice), the IPSC frequency was 3.89 ± 0.6 Hz (control), 2.53 ± 0.86 Hz (MLA), 6.63 ± 1.32 Hz (MLA + nicotine; *p* \< 0.01 compared to MLA; DF = 8), and 2.86 ± 0.5 Hz after washout ([Fig. 3](#f0015){ref-type="fig"}F). Once again, the IPSC amplitudes were not altered ([Fig. 3](#f0015){ref-type="fig"}E), consistent with the effect produced by nicotine alone. We conclude that the tonic stimulation produced by nicotine on the IPSCs recorded on FS interneurons was largely mediated by α4^∗^ nAChRs.

5-IA stimulated IPSCs in FS cells {#s0080}
---------------------------------

To better define the nAChR subtype involved in IPSC regulation, we applied a submaximal concentration of 5-IA (10 nM), which specifically activates β2^∗^ receptors ([@b0290]). The effect of 5-IA in a representative experiment is shown in [Fig. 3](#f0015){ref-type="fig"}G. The drug increased the IPSC frequency, but not the amplitude ([Fig. 3](#f0015){ref-type="fig"}H). On average (*n* = 6, from six mice in the 4th postnatal week; [Fig. 3](#f0015){ref-type="fig"}I), 5-IA brought the IPSC frequency from 2.28 ± 0.61 Hz (Control), to 3.3 ± 0.8 Hz (5-IA; 0.01 \< *p* \< 0.05; DF = 5). After recovery, the IPSC frequency was 2.08 ± 0.47. Considering that 10 nM 5-IA is known to activate about 40% of the maximal nicotinic current ([@b0290]), our data are consistent with those obtained with nicotine. Overall, the results obtained with DHβE, MLA and 5-IA suggest that GABA release onto FS cells was mainly regulated by α4β2^∗^ nAChRs, in conditions of tonic agonist application.

Heteromeric nAChRs regulate mIPSCs in FS cells {#s0085}
----------------------------------------------

The spontaneous IPSCs are constituted by a mixture of AP-dependent larger release events, and AP-independent mIPSCs (e.g., in the context of nicotinic regulation, [@b0255], [@b0245], [@b0020]). Hence, the effect of nicotine on spontaneous IPSCs could depend on direct stimulation of presynaptic terminals, or on increase in AP-dependent release events, caused by activation of somatic currents on presynaptic GABAergic cells, or both. The direct effect of nicotine on synaptic terminals can be revealed by studying the effect on mIPSCs, which are isolated by blocking cell firing with 0.5 μM TTX. Representative current traces are shown in [Fig. 4](#f0020){ref-type="fig"}A, along with the corresponding IPSC time course ([Fig. 4](#f0020){ref-type="fig"}B), and amplitude distribution ([Fig. 4](#f0020){ref-type="fig"}C), in the indicated conditions. After TTX had revealed the mIPSCs, 10 μM nicotine was added. On average (*n* = 10, from seven mice in the 3rd to 5th postnatal week; [Fig. 4](#f0020){ref-type="fig"}D), nicotine brought the mIPSC frequency from 1.05 ± 0.2 Hz (TTX) to 2.03 ± 0.27 Hz (nicotine + TTX; 0.01 \< *p* \< 0.05; DF = 6). After recovery, mIPSC frequency was 1.13 ± 0.20 Hz (in TTX, after washout of nicotine). Negligible effects were produced by nicotine on the mIPSC kinetics. The IPSC risetimes were 0.57 ± 0.04 ms (TTX) and 0.57 ± 0.05 ms (TTX + nicotine; NS; DF = 9). The corresponding time constants of IPSC current decay were 8.93 ± 1.28 ms, and 10.1 ± 1.5 (NS; DF = 9).

Moreover, after TTX had produced the expected reduction in IPSC frequency ([Fig. 4](#f0020){ref-type="fig"}E) and amplitude ([Fig. 4](#f0020){ref-type="fig"}F), subsequent application of 1 μM DHβE, and DHβE plus nicotine, produced no further effect. The results obtained on mIPSCs in the presence of DHβE are summarized in [Fig. 4](#f0020){ref-type="fig"}G. On average (*n* = 6, from five mice), nicotine brought the mIPSC frequency from 1.55 ± 0.26 Hz (TTX + DHβE) to 1.45 ± 0.23 Hz (TTX + DHβE + nicotine; NS; DF = 4). After recovery, the mIPSC frequency was 1.25 ± 0.12 Hz (in TTX). These results are consistent with the hypothesis that α4β2^∗^ receptors regulate GABA release from presynaptic terminals adjacent to FS cells, in Fr2 layer V.

Whole-cell nicotinic currents on FS cells {#s0090}
-----------------------------------------

In the Fr2 slices prepared from young mice (3rd to 5th postnatal week), nicotine also activated typical slowly desensitizing inward currents, in a fraction of the tested FS cells, at −70 mV. A representative example is given in [Fig. 5](#f0025){ref-type="fig"}A. Whole-cell currents elicited by nicotine were also found in a fraction of the cells pre-treated with MLA (an example is shown in [Fig. 5](#f0025){ref-type="fig"}C), but never in the presence of 1 μM DHβE ([Fig. 5](#f0025){ref-type="fig"}B). Overall, 10 out of 19 FS cells displayed whole-cell currents elicited by nicotine, irrespectively of whether MLA was present or not ([Fig. 5](#f0025){ref-type="fig"}D). The observed frequencies for this group of mice are consistent with the hypothesis that the observed nicotinic currents depended on DHβE-sensitive and MLA-insensitive heteromeric nAChRs (*p* \< 0.05 with Fisher's exact test; comparison between Nicotine + DHβE and Nicotine + MLA). Similar results were obtained in the presence of TTX, with 5 out of 9 cells displaying somatic nAChRs, as compared to 0 out of 6 cells treated by TTX + DHβE ([Fig. 5](#f0025){ref-type="fig"}D). However, in older mice (P45-P63), only 1 out of 17 FS cells displayed measurable somatic nAChR currents, as compared to 0 out of 6 cells in the presence of DHβE ([Fig. 5](#f0025){ref-type="fig"}D). We conclude that, in the first weeks of postnatal life, layer V FS cells can also express functional α4β2^∗^ nAChRs on the somatic compartment, in Fr2. This suggests that both somatic and presynaptic components may contribute to the tonic stimulation exerted by heteromeric nAChRs on the IPSCs recorded in FS cells. However, the contribution of the somatic currents considerably decreased with mice age.

The somatic effect of nicotinic agonists on FS cells was further characterized at physiological Cl^−^ concentration (to avoid interference by GABA~A~ currents). Application of 10 nM 5-IA brought the cells' *V*~rest~ from −67 ± 0.49 mV to −63 ± 0.86 mV (0.01 \< *p* \< 0.05; *n* = 5, from four mice in the first postnatal month; DF = 3), with small effects on AP threshold (from −40 ± 1.7 mV to −38 ± 1.7 mV), rheobase (from 90 ± 10 pA to 80 ± 9 pA), and input resistance (*R*~in~, from 69 ± 8 MΩ to 71 ± 9.5 MΩ). We conclude that, in a fraction of FS neurons, direct cell depolarization can be produced by activating heteromeric α4β2^∗^ nAChRs.

Localizing α4^∗^ nAChRs on GABAergic terminals adjacent to GABAergic cells {#s0095}
--------------------------------------------------------------------------

We sought independent evidence that α4 nAChR subunits are expressed in GABAergic terminals forming synapses with FS neurons. Hence, we immunocytochemically labeled α4 nAChR, PV (to mark putative FS cells), and VGAT (to label GABAergic terminals; [Fig. 6](#f0030){ref-type="fig"}A). First, we analyzed double labeling of α4 and VGAT ([Fig. 6](#f0030){ref-type="fig"}B). Overlap of the two signals (white dots) was indicated by qualitative colocalization analysis ([Fig. 6](#f0030){ref-type="fig"}B). To allow better appreciation of our signals, these colocalization puncta were also displayed in [Fig. 6](#f0030){ref-type="fig"}C, in which the global α4 nAChR labeling was removed. These results suggest that α4^∗^ nAChR is localized in a fraction of the GABAergic terminals.

Next, we studied whether a fraction of α4+/VGAT+ terminals also expressed PV and was adjacent to PV+ cell bodies (putative FS cells). This was obtained by analyzing the separate 2D cytofluorograms (not shown) for PV/VGAT and α4/VGAT related to [Fig. 6](#f0030){ref-type="fig"}A, where white arrows point to α4/PV/VGAT colocalization spots, i.e. GABAergic PV+ terminals contacting PV+ cell bodies, and expressing nAChR ([Fig. 6](#f0030){ref-type="fig"}A--C). Other VGAT+ synaptic terminals juxtaposed with PV+ interneurons display either only α4 nAChR (green arrows in [Fig. 6](#f0030){ref-type="fig"}A--C) or only PV (purple arrows in [Fig. 6](#f0030){ref-type="fig"}A). All three types of synaptic terminal were also found adjacent to large PV− neurons (putative pyramidal cells; [Fig. 6](#f0030){ref-type="fig"}A--C). To further define the synaptic structures in our triple VGAT/PV/α4 immunolabeled sections, we performed a 3D reconstruction from 10-μm stacks of confocal images. This allowed to better examine the interactions between PV+ neurons and the few GABAergic (VGAT+) synaptic terminals expressing PV and/or α4 nAChR subunit ([Fig. 6](#f0030){ref-type="fig"}D). Consistent with 2D images, a few PV+/VGAT+ terminals were found to contact other PV+ cells ([Fig. 6](#f0030){ref-type="fig"}E). Some of these terminals also expressed α4 nAChR ([Fig. 6](#f0030){ref-type="fig"}F). These results point to the presence of synaptic interaction between PV+ neurons expressing α4^∗^ nAChRs.

Comparison of α4^∗^ nAChR expression in PV+ and SOM+ interneurons {#s0100}
-----------------------------------------------------------------

We first examined the α4/PV colocalization at P90 ([Fig. 7](#f0035){ref-type="fig"}A). In agreement with the results obtained at earlier stages, some PV+/α4+ cell bodies were juxtaposed with few PV+ puncta ([Fig. 7](#f0035){ref-type="fig"}B) that also expressed α4 ([Fig. 7](#f0035){ref-type="fig"}C). Next, we labeled SOM to mainly mark the Martinotti interneurons. These largely account for the regular-spiking non-pyramidal cells ([@b0230], [@b0285]), i.e. the other major interneuron population we observed in layer V by electrophysiological methods. Differently from what was observed with PV+ cells, the α4/SOM colocalization was concentrated in SOM+ cell bodies ([Fig. 7](#f0035){ref-type="fig"}E), clearly distinct from the PV+ somata ([Fig. 7](#f0035){ref-type="fig"}F). Rare puncta showing α4/SOM colocalization ([Fig. 7](#f0035){ref-type="fig"}E) were adjacent neither to SOM+, nor PV+ neuronal bodies ([Fig. 7](#f0035){ref-type="fig"}E, F). This is consistent with the tendency of SOM+ terminals to form synapses on non-somatic cell compartments ([@b0190], [@b0240]). These results suggest that SOM+ interneurons are mainly regulated by α4^∗^ nAChRs at the somatic, i.e. non-synaptic, level. Finally, the quantitative analysis of total (i.e. neuronal cell bodies, processes and puncta) colocalization between either SOM and α4, or PV and α4, showed that the amount of PV+/α4+ structures was significantly higher than the amount of the SOM+/α4+ ones ([Fig. 7](#f0035){ref-type="fig"}D). The M2 Manders coefficients (in layer V of Fr2 cortical fields) were 0.446 ± 0.08 for SOM and 0.512 ± 0.08 for PV (p = 0.003; *n* = 11 images from three different mice; DF = 2).

Taken together, our immunocytochemical results suggest that both PV+ and SOM+ cells can be modulated by α4^∗^ nAChRs. In agreement with patch-clamp results on FS cells, in PV+ cells regulation at the synaptic level tends to prevail, starting from the second postnatal month.

Discussion {#s0105}
==========

Here, we have shown that tonic activation of heteromeric nAChRs regulates the IPSCs recorded on FS cells, in layer V of the mouse Fr2 area. Our pharmacological results indicate that the IPSC stimulation mainly depends on activation of α4β2^∗^ receptors. MLA is a competitive antagonist of α7 receptors, with IC~50~ in the pM range ([@b0335]), whereas micromolar concentrations are necessary to block α4β2 ([@b0135], [@b0080]). DHβE is a competitive antagonist of α4^∗^ nAChRs, with IC~50~ of ∼80 nM for α4β2 ([@b0080]), and reported IC~50~ values between 2 and 20 μM for α7 receptors ([@b0050], [@b0100]). Therefore, inhibition by DHβE, but not MLA, is a good evidence of implication of α4^∗^ nAChRs. Moreover, 5-IA was used at a concentration specific for β2^∗^ receptors ([@b0290]), and particularly the high-affinity (α4)2(β2)3 stoichiometry ([@b0475]). Although other nAChR subtypes can be targeted by 5-IA (such as α6β2^∗^), in murine PFC the expression of α4β2^∗^ is largely prevalent ([@b0460]).

In the hippocampus, heteromeric nAChRs are expressed in several interneuron types, including the PV+ (e.g., [@b0205], [@b0175]). In contrast, a comprehensive picture of nAChR expression and function in the neocortex is not available. In rat, nAChRs are not detectable in FS cells in visual ([@b0450]) and motor ([@b0375]) cortex, but they are widely expressed in layer I interneurons, which regulate inhibition of interneurons in layers II/III ([@b0105]). Expression of α4^∗^ nAChRs was also observed in layer IV GABAergic neurons of somatosensory areas, but the specific cell-type distribution is unclear ([@b0070]). In deep layers of medial PFC of mice ([@b0120]) and rats ([@b0185]), α4^∗^ nAChR expression is mainly restricted to non-FS cells. Our results with SOM labeling confirm in more dorsal PFC regions that α4β2^∗^ receptors are found in non-FS cells. However, in Fr2 we also observed that a significant fraction of FS cells express whole-cell currents carried by heteromeric nAChRs, in the first postnatal month ([Fig. 5](#f0025){ref-type="fig"}).

Although still fragmentary, the above evidences suggest that differences in the pattern of cholinergic stimulation exist among different PFC regions. This notion would agree with the morphological observation that the cholinergic fibers innervating the PFC are scarcely collateralized, further indicating that there may be area-specific mechanisms of cholinergic regulation of neocortical circuits ([@b0380], [@b0430], [@b0250], [@b0395]). The complexity of such regulatory pattern may be related to a higher degree of functional flexibility in the regions directly implicated in elaborating the decision-execution prefrontal tasks. These areas could be physiologically more similar to the Primate neocortex, where nicotinic targeting of FS cells seems more common ([@b0125], [@b0130]; and references therein).

Nicotinic regulation of GABAergic synaptic terminals and cell bodies {#s0110}
--------------------------------------------------------------------

Our results on mIPSCs as well as immunocytochemistry point to a direct nicotinic stimulation of GABAergic terminals. The neuronal nAChRs are generally permeable to cations, with poor selectivity between Na^+^ and K^+^ ([@b0320]). Hence, once activated around *V*~rest~, they produce cell depolarization, with ensuing excitatory effects. The nAChR permeability to calcium (P~Ca~) depends on channel subtype. Heteromeric receptors present a P~Ca~/P~Na~ ratio of ∼2 ([@b0160]). Hence, we attribute our results to a combination of voltage-dependent activation of presynaptic calcium channels and direct stimulation of exocytosis by Ca^2+^ influx through nAChRs. That the latter can contribute to neurotransmitter release is confirmed by previous studies showing that a DHβE-sensitive effect of nicotine on GABA release is revealed when mIPSCs are registered in presence of both TTX and Cd^2+^ ([@b0245], [@b0020]). At concentrations lower than 100 μM, Cd^2+^ reversibly blocks long-lasting voltage-gated calcium channels ([@b0150]). Therefore, in analogy with what was described for α7 receptors, heteromeric nAChRs may be able to stimulate neurotransmitter release by a Ca^2+^-dependent and SNARE complex-dependent exocytosis ([@b0010]).

As to the possible postsynaptic effects of nicotine, a direct modulation of GABA~A~ receptors seems unlikely, in our conditions, as nicotine produced negligible effects on the amplitude and kinetics of both spontaneous and miniature IPSCs. However, during the first postnatal month, a significant fraction of FS interneurons expressed somatic heteromeric nAChRs. Therefore, at this stage, nAChR activation can also depolarize FS cell bodies. On a short time scale, such excitation would increase FS cell firing. The ensuing stimulation of GABA release would sum its effect to the one exerted on GABAergic terminals. The possible effects on local excitability are discussed in the next paragraph. On a medium time scale (minutes), we can speculate that the nAChR-dependent calcium entry could affect several protein kinase pathways that are known to modulate the activity of heteromeric nAChR themselves (e.g., [@b0145]). On a longer time scale, these calcium-dependent signals regulate transcription factors such as CREB (e.g., [@b0095], [@b0440]), which could modulate the activity of both pre- and postsynaptic cells. Such effects were not observable within the time scale of our experiments, as is confirmed by the fact that the amplitude and kinetics of IPSCs were not altered by nicotine application. However, they merit further study in experimental conditions that permit long-term sampling of the postsynaptic effects.

Implications for excitability in the developing and mature PFC {#s0115}
--------------------------------------------------------------

The decrease in nAChR current expression we observed in Fr2 FS cells after P45 suggests that somatic nicotinic currents may be implicated in prefrontal circuit maturation. In the hippocampus, heteromeric nAChRs modulate specific GABAergic cell populations since the early postnatal stages, thus contributing to the maturation of synaptic efficacy (reviewed in [@b0175]). Although evidence is less extensive, the GABAergic system is also thought to have developmental roles in neocortex maturation and refinement of synaptic circuits ([@b0260]). Therefore, our observations suggest that the direct nicotinic regulation of Fr2 FS cells is implicated in early stages of activity-dependent local circuit stabilization, perhaps mediated by the above-mentioned signaling mechanisms.

We cannot presently distinguish which proportion of the IPSCs we measure on FS cells depends on GABA release from other FS cells or non-FS cells. Nonetheless, our results suggest that α4β2^∗^ nAChRs can produce network disinhibition by increasing GABA release onto interneurons in Fr2 layer V. In deep layers, nAChR stimulation is thought to produce overall excitatory effects (e.g., [@b0370]). Layer V, in particular, provides a major output to subcortical targets and is particularly susceptible to develop and spread hyperexcitability ([@b0400], [@b0330], [@b0085]). This agrees with the well-known stimulatory effect produced by β2∗ nAChRs on glutamate release throughout the mouse PFC ([@b0255], [@b0120], [@b0025]). However, to better define the nAChR roles on the dynamics of neocortical output as well as the possible pathological implications, it is essential to understand how nAChRs regulate the balance of excitation and inhibition in the different regions. In both hippocampus and neocortex, because of the strong local inhibitory restraint on pyramidal neurons, it is generally difficult to generate hyperexcitability in the absence of some degree of circuit disinhibition ([@b0200], [@b0350]). These experimental observations are supported by theoretical work on recurrent network models containing balanced excitatory and inhibitory elements, showing that the network output is very sensitive to the regulation of inhibition, and that engagement of inhibitory neurons can lead to counterintuitive effects on excitability ([@b0420], [@b0305], [@b0330], [@b0315]). Most experimental studies have addressed the sensory cortices, in which the relevance of circuit disinhibition for sensory elaboration and learning has been recently revealed ([@b0275], [@b0355], [@b0360]). However, the mechanisms by which the ascending regulatory systems modulate these processes are largely unknown. In layer II/III of murine sensory cortex, FS cell disinhibition was found to be indirectly regulated by non-α7 nAChRs, which stimulate non-FS cells that form synapses onto FS neurons ([@b0030]). Virtually nothing is known about these mechanisms in associative cortices. Our results suggest that, in Fr2, the excitatory effect previously found to depend on nAChR-mediated stimulation of glutamate release ([@b0025]) is accompanied and potentially reinforced by direct regulation of network disinhibition. Because in this region nAChRs also regulate GABA release onto pyramidal cells ([@b0020]), a full understanding of the nicotinic effects on the local balance of excitation and inhibition requires more detailed notions about the microstructure of the prefrontal circuit. From a pathophysiological standpoint, the mechanism identified in the present paper could contribute to elicit abnormal excitability in prefrontal cortices expressing hyperfunctional mutant α4β2 nAChRs, such as those expressed in ADNFLE and other strictly related genetic epilepsies ([@b0040]).
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![FS cells in Fr2 layer V. (A) Schematic of a coronal murine PFC section, representing the frontoparietal region between +2.68 and +2.10 mm from bregma. Based on [@b0345]. PrL: prelimbic; Fr2: frontal area 2. (B) Micrograph of a FS cells under recording (arrowhead), adjacent to a pyramidal neuron (arrow). Scale bar = 10 μM. (C) Firing response to a 200-pA depolarizing currents, in FS cells from mice of different ages. (D) Average frequency--stimulus relation for a representative sample of FS cells. (E) IPSC traces, at −70 mV, in the indicated conditions. In this representative experiment, all synaptic events were abolished by bicuculline.](gr1){#f0005}

![Nicotine stimulates IPSCs in FS cells at different postnatal ages. (A) IPSC traces, in the presence of AP5 and CNQX, in a slice from a P25 mouse (same cell as in [Fig. 1](#f0005){ref-type="fig"}B). Nicotine reversibly increased the IPSC frequency. (B) Time course of the nicotine effect. Bars give the number of IPSCs measured within consecutive 10-s intervals, in the indicated conditions. (C) Distribution of the interevent intervals calculated for 2 min before (Control) and during nicotine application. Nicotine significantly decreased the intervals between IPSCs (*p* \< 0.01; KS test). Analogous results were obtained in all the other similar experiments*.* (D) Amplitude distribution of the IPSCs recorded for 2 min in the indicated conditions. In all tested neurons, nicotine had no effect on the distribution of the IPSC amplitudes (KS test). (E) Average effect of nicotine on IPSC frequency in slices from mice aged P16--P32. Bars give the mean IPSC frequency, calculated as illustrated in the previous panels. Nicotine approximately doubled the IPSC frequency. (F) Same as (A), except that the slice was prepared from a P54 mouse (same cell as in [Fig. 1](#f0005){ref-type="fig"}B). (G) Time course of the nicotine effect, analyzed as in (B). (H) Distribution of the interevent intervals in this experiment, analyzed as in (C). Nicotine significantly decreased the interevent intervals (*p* \< 0.01; KS test). Analogous results were obtained in the other similar experiments. (I) Amplitude distribution of the IPSCs analyzed as in (D). In 16 out of 17 neurons (from mice older than P45), nicotine had no effect on the distribution of the IPSC amplitudes (KS test). (J) On average, nicotine increased the IPSC frequency by ∼60%. ^⁎^ statistically significant (0.01 \< *p* \< 0.05).](gr2){#f0010}

![The effects of DHβE, MLA and 5-IA. Data analysis was as illustrated in [Fig. 2](#f0010){ref-type="fig"}. (A) Time course of the IPSC frequency in a representative experiment. DHβE blocked the nicotine-dependent increase in IPSC frequency. (B) Corresponding distribution of the IPSC amplitudes, in the indicated conditions. Nicotine did not change the IPSC amplitude distribution, in the presence of DHβE (KS test). Similar results were obtained in nine cells. (C) On average, DHβE blocked the action of nicotine on IPSC frequency. (D) Same as (A), but in the presence of MLA, which did not block the nicotine-dependent increase in IPSC frequency. (E) Corresponding distribution of the IPSC amplitudes. In nine cells, no significant difference was observed in the distribution of IPSC amplitudes in the presence of MLA and MLA plus nicotine (KS test). (F) On average, nicotine more than doubled the IPSC frequency observed in the presence of MLA. (G) Time course of the stimulation produced by 5-IA on the IPSC frequency, on cells sampled in the first postnatal month. (H) Corresponding distribution of the IPSC amplitudes. In 6 cells, no significant effect was produced by 5-IA on the IPSC amplitude distribution (KS test). (I) On average, 5-IA increased the IPSC frequency by ∼45%. ^⁎^ statistically significant (0.01 \< *p* \< 0.05).](gr3){#f0015}

![Heteromeric nAChRs stimulate the mIPSC's. Data analysis was as in [Fig. 2](#f0010){ref-type="fig"}. (A) Representative IPSCs in the indicated conditions. After TTX had revealed the mIPSCs, nicotine increased their frequency, in a reversible way. (B) Time course of the IPSC frequency in the same experiment. (C) Corresponding IPSC amplitude distribution, in the indicated conditions. TTX decreased the IPSC amplitudes. No further effect was produced by nicotine in nine neurons (KS test). (D) On average, nicotine approximately doubled the mIPSC frequency. (E) Representative time course of the effect of nicotine plus DHβE. The latter blocked the IPSC stimulation produced by nicotine. (F) Corresponding IPSC amplitude distribution. TTX revealed miniature events. No further effect was produced by either DHβE or DHβE plus nicotine (KS test). The same was observed in nine similar experiments. (G) On average, nicotine had no effect on mIPSCs, in the presence of DHβE.](gr4){#f0020}

![Heteromeric nAChR currents in FS cells. (A) Representative experiment on a FS cell. The firing pattern in response to a 200-pA injection is shown in (a). After testing cell firing, the neuron was voltage-clamped at −70 mV, and nicotine was added (b). (B) Same as (A), except that the FS cell was treated with nicotine plus DHβE (b). (C) Same as (A), except that the FS cell was treated with nicotine plus MLA (b). (D) In a fraction of the tested cells, nicotine elicited an inward slowly desensitizing current, which was also observed when nicotine was applied in the presence of MLA, but never in the presence of DHβE. Bars represent the number of FS cells displaying (white) or not (black) whole-cell currents activated by nicotine. The results for cells from younger mice (First month) are given for the indicated treatments. For cells sampled after P45, the results are relative to treatment with nicotine or nicotine+ DHβE (as indicated). The results obtained in the two age groups are separated by the dashed horizontal line.](gr5){#f0025}

![Localization of nAChRs on GABAergic terminals, in Fr2 layer V, at different postnatal ages. (A) Triple labeling of α4 nAChR (green), VGAT (blue) and PV (red), at P60. Few GABAergic PV+ terminals (purple arrows), contact PV+ cell bodies, and are more frequently found around PV− somata (asterisks), which are likely pyramidal cells. α4 nAChRs are expressed on a few VGAT+ GABAergic terminals (green arrows), some of them being also PV+ (white arrows). Colocalization of α4 and VGAT is indicated by the white puncta. (B) Detail of (A), but highlighting the α4 nAChR and VGAT signals. (C) Same as (B), after deletion of the global α4 nAChR labeling. (D) 3D reconstructed image of three PV+ neurons, in a section with triple labeling of α4 nAChR (green), VGAT (blue) and PV (red), at P40. (E) Two neurons are magnified, showing VGAT+/PV+ terminals (purple arrows) contacting PV+ cell bodies. (F) Same field as in (E), but further magnified, rotated, and displaying also the α4 nAChR signal (green). Green arrows point to α4+/VGAT+ synaptic boutons and white arrows point to α4/VGAT/PV+ terminals, both contacting PV+ cell bodies. Scale bars = 10 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)](gr6){#f0030}

![Colocalization of α4 nAChR, PV and SOM, in Fr2 layer V, at P90. (A) Double labeling of α4 nAChR (green) and PV (red). Colocalization is indicated by the white spots. (B) Magnification of the boxed area in (A). Only PV labeling is shown. Asterisk marks a PV− neuron. (C) Same as (B), but showing both nAChR (green) and PV (red) signal. Colocalization analysis showed two white spots (arrows) on a PV+ cell body (corresponding to the PV+ puncta indicated by the arrows in (B)). A larger number of colocalization spots (arrowheads) were observed on the PV− neuron. (D) M2 Manders' coefficients, indicating the fraction of SOM or PV signal that is also positive for α4 nAChR. Significantly higher colocalization was observed between PV and nAChR than between SOM and nAChR. (E) Double labeling of α4 nAChR (green), and SOM (blue). The α4/SOM colocalization (white signal) was concentrated in SOM+ neurons (arrows) and only in rare puncta (arrowheads) contacting PV− neurons. (F) Same field as in (E), but also showing the PV signal (red). Asterisks mark the PV− neurons. Scale bars = 20 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)](gr7){#f0035}

###### 

Electrophysiological features of FS cells, during the first two postnatal months

  Age (week)   *V*~rest~ (mV)   Spike width (ms)   4th spike interval/1st spike interval   AHP (mV)      *N*
  ------------ ---------------- ------------------ --------------------------------------- ------------- -----
  3rd          −69.3 ± 0.45     0.70 ± 0.06        1.36 ± 0.06                             −13.6 ± 1.6   13
  4th          −70.1 ± 0.25     0.71 ± 0.05        1.27 ± 0.05                             −14.5 ± 0.9   28
  5th          −69.6 ± 1.26     0.90 ± 0.16        1.33 ± 0.09                             −13.7 ± 3.2   5
  7th--9th     −70.0 ± 0.65     0.75 ± 0.16        1.13 ± 0.04                             −11.7 ± 0.7   23

Firing parameters at the indicated postnatal weeks. For comparison, the ratios between the fourth and the first spike interval in a sample of pyramidal cells from the same mice were 2.3 ± 0.48 (\<P28; *n* = 9), and 2.6 ± 0.39 (\>P28; *n* = 14), at firing frequencies of 10--50 Hz. All differences between age groups were NS. In a representative sample of FS cells (*n* = 8, from six mice) *R*~in~ was 82.2 ± 7 MΩ in the first month, and 55.6 ± 4.5 MΩ after P45 (*n* = 17, in eight mice). For comparison, *R*~in~ for regular-spiking non-pyramidal cells was 98.8 ± 12 MΩ (*n* = 5, from five mice in the first month of life).
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